Peptides are commonly perceived as inapplicable components for construction of porous structures. Due to their flexibility the design is difficult and shape persistence of such putative structures is diminished.
Introduction
Proteins, with their variety of biological functions and diversity of structural motifs, constitute an unlimited source of inspiration for scientists in many elds. Unsurpassed models of high binding affinity, selectivity and catalytic efficiency are found among proteins' recognition sites and enzymatic pockets. Such effectiveness comes from the presence of precisely organized conned spaces in proteins' interiors: shape-persistent cavities with well-dened positions of functional groups. Articial porous materials and molecules that contain cavities also aim at mimicking these structural features for similar purposes (storage, separation and catalysis). The current state-of-the-art techniques in this eld allow for the synthesis of a vast variety of porous materials either in the form of discrete capsules 1 or as innite crystalline frameworks (MOFs, 2 COFs 3 or SOFs 4 ). However, decoration of the cavities with functional groups is still a tall order. Among porous solid materials metal-organic frameworks (MOFs) with functional organic sites, 5 MOFs mimicking natural enzymes, 6 peptide functionalized MOFs 7 and peptide-based porous materials have been reported.
8,9
Seminal examples of discrete porous molecules -capsulesthat form directional interactions with encapsulated guests were presented by the group of Ballester, 10,11 and by our group.
In these examples functional groups constitute integral parts of the capsules' walls, and therefore they are highly conserved and cannot be modied without affecting the main structural framework.
In the current study we aim at developing a more general approach towards functionalization of cavities using natureinspired building blocks -peptides. Peptides are commonly perceived as inapplicable components for the construction of porous structures due to their exibility and poorly dened noncovalent interactions. These features reduce shape persistence of the putative porous products and make their design difficult. We have previously shown that, despite exibility and low predictability, short peptides can be used to form discrete porous structures provided that they are properly preorganized by positioning at semi-rigid scaffolds and stabilized by the formation of b-sheet-like binding motifs. 13, 14 In this work we develop this concept towards internal functionalization of the cavities. We propose construction of capsules in which structural frameworks are formed by peptides' backbones while the functionality is provided by their side chains, positions of which are determined by chirality. This strategy opens up the possibilities of diverse functionalization using a rich pool of amino acids while retaining the integrity of the main structural framework. Such an approach is closely analogous to the design exploited by nature, which constructs enzymatic/recognition sites using amino acids' side chains, while the shapes of the binding pockets are determined by their backbones. However, our approach also introduces new elements: abiotic macrocyclic fragments (required for preorganization) and peptides of unnatural chirality 15 (for internal functionalization). The nal structural results of this combination are only vaguely predictable based on structural motifs present in natural proteins. Therefore, in order to allow for both the rational design and an element of serendipity we employ two approaches: (a) a strategy of rational iterative improvement and complexity increase in successive generations of capsules and (b) the dynamic covalent chemistry approach (DCC) to potentially amplify the capsules overlooked by rational design. Our results show that the combination of both approaches produces a unique set of peptide-based porous capsules with functionalized interiors, of which only some could be rationally designed.
Rational design
We have previously reported the synthesis and self-assembly of cavitands composed of peptides of different lengths, sequences and chiralities, which were attached to macrocyclic scaffolds (resorcin [4] arenes) using either methylene bridges 16 , imines 13 or acylhydrazone linkers.
14 These semi-open cavitands form noncovalent dimers by hydrogen bonding arranged in b-barrel type binding motifs that involve peptides' backbones, while their side chains are potentially available for other functions. Molecular modelling indicates that imine-based and acylhydrazone-based capsules have enough space inside the cavities to accommodate some side chains; however, all of our experimental attempts to synthesize such capsules have failed resulting in disintegration of the dimers or hydrolysis of the dynamic covalent bonds. We hypothesize that steric crowding due to an acute internal curvature or inappropriate stereochemistry is the limiting factor. Indeed the internal diameters of such articial capsules are in the range 13.1-14.7Å (measured between opposite C a carbons), while for eightstranded b-barrels the internal diameter is at least 16Å (Fig. 1a) . Therefore, in the current work we designed capsules with increased diameters by employing semi-rigid semicarbazone linkers (Fig. 1a) . The semicarbazone linkers can be synthesized by reaction of azapeptides with aromatic aldehydes. In the predominant extended conformation (all amides trans) the linker extends the internal diameter of the putative capsule up to ca. 17Å (Fig. 1a-c) which should be sufficient to accommodate side chains. In order to control the positions of side chains the chirality of peptides was modulated. In homochiral peptide ribbons the side chains of subsequent amino acids point alternatively to the opposite surfaces of the ribbon. In heterochiral peptide ribbons all side chains are positioned at the same surface of the ribbon, but they point towards slightly different directions (Fig. 1b) . Upon self-assembly of cavitands chirality is expected to control the position of the side chains.
It should be noticed that numerous variables may affect this design and introduce new features. Azapeptides 17 are able to form additional hydrogen bonds 18 and exist in compact cis conformations. [19] [20] [21] Therefore, besides the desired intermolecular hydrogen bonding motifs, 22, 23 they may promote the formation of b-turns 24, 25 and b-hairpins, 26, 27 which are undesirable features in the current design. Moreover, unforeseen structural features that originate from the exibility of peptide chains and from heterochirality may appear during selfassembly (the binding motifs of linear heterochiral peptides remain mostly unknown). In order to survey these troublesome features we employed dynamic covalent chemistry which empowers serendipity and enables amplication of the structures neglected by rational design.
Results and discussion

Synthesis
Azapeptides containing single amino acids (4a and 4b) were synthesized using strategy A, which involves the reaction of Cbzhydrazine active ester 1 with amino acid amides 2a-b (Fig. 2a) . Strategy A proved to be ineffective for longer azapeptides. Therefore for azapeptides 6a-c, 7a-d and a reference aminebased azapeptide 9 we used a carbonyldiimidazole (CDI) based procedure (strategy B, Fig. 2b) . N-terminal aza fragment 5 was obtained in the reaction of an amino acid tert-butyl ester with carbonyldiimidazole and Cbz-hydrazine. Aer deprotection of the acid function further elongation was performed using standard peptide coupling protocols (with EDCI, OXYMA coupling reagents).
First generation -reconnaissance
Reaction of the shortest azapeptide containing L-Phe, 4a, with tetraformylresorcin [4] arene 8 leads to the formation of tetrasubstituted product 10a (Fig. 2c) . NMR spectra of 10a in DMSO ( Fig. S1 -S3 †) conrm the C 4 -symmetric substitution pattern and DOSY indicates that 10a exists as a monomer in DMSO (D ¼ 1.28 Â 10 À10 m 2 s À1 , radius 0.86 nm). Crystals suitable for X-ray analysis were obtained by vapour crystallization from a chloroform/methanol mixture. In contrast to the monomeric structure observed in DMSO, the X-ray structure reveals the formation of a dimeric capsule (10a) 2 in the solid state (Fig. 3 ). The capsule core has an approximate C 4 symmetry with two hemispheres being symmetrically non-equivalent and adopting substantially different conformations. In one of the hemispheres the semicarbazone linker has a trans conformation of an amide bond (hemisphere trans-A), while in the second hemisphere the semicarbazone linker adopts a cis conformation (hemisphere cis-B). The binding motif involves 11-membered rings formed using peptides' backbones from hemisphere trans-A and the cisamide group (also part of the backbone) from the hemisphere cis-B. The most pronounced feature of the azapeptide capsule (10a) 2 , which makes it different from the previously known peptide capsules, is the presence of four phenylalanine side chains inside the cavity. Additionally, there is also enough space in the cavity for encapsulation of two small molecules (here two solvent molecules). The solid state structure of (10a) 2 proves that (a) formation of a capsular dimer is possible for azapeptides and (b) widening of the capsules by the application of longer linkers is indeed a promising route towards functionalization of cavities with peptides' side chains. Although this capsular structure is not retained in DMSO and 10a is only sparingly soluble in less polar solvents (e.g. chloroform) which would facilitate self-assembly, the X-ray structure of (10a) 2 was taken as a starting point for further optimization. The structure suggests that the terminal -NHMe groups and C]O groups from the neighbouring strands are not involved in the binding motif and therefore the binding is not fully complementary. Therefore, we tested the replacement of the terminal group -NHMe group with the -NH 2 group which would potentially allow for its incorporation into the binding motif to improve complementarity.
Second generation -improved binding motif
Indeed, the second-generation cavitand 10b (with a terminal -NH 2 amide group), despite its apparently higher polarity than 10a, is well soluble in chloroform and forms ordered dimeric capsules in solution. The plausible structure of the capsule (10b) 2 , which is in agreement with the spectral data, is depicted in Fig. 4d . The diffusion coefficient is 3.35 Â 10 À10 m 2 s
À1
(CDCl 3 , 298 K), which corresponds to a radius of 1.22 nm in agreement with the formation of dimer (10b) 2 . The formation of the dimer is accompanied by structural ordering which is reected in the CD spectrum (Fig. 4a) . Comparison of the CD spectra of (10b) 2 and 13 (a reference cavitand based on a simple chiral amine without dimerization properties) in chloroform shows two orders of magnitude lower intensity for 13 than for (10b) 2 , while the UV spectra of both compounds remain highly similar. In contrast, in methanol, in which the capsules dissociate, the CD spectra of 10b and reference 13 both show similar and low intensity (Fig. 4b) . Theoretical CD spectra (TD DFT) calculated using the plausible model agree well with the experimental spectrum, which validates the model. 28 ROESY correlation signals indicate close intramolecular contacts between protons positioned next to the macrocyclic scaffolds (H f and OH) and protons from the terminal -NH 2 group (H l1 and H l2 ) (Fig. 4d and S7 †) which suggest an extended shape of the dimeric capsule (10b) 2 . One of the terminal amide protons -NH 2 is downeld shied by 2.28 ppm with respect to the second one, suggesting its involvement in a hydrogen bonding binding motif. The averaged symmetry of capsule (10b) 2 observed in NMR spectra ( Fig. 4c and S4 , S5 †) is D 4 , thus, both hemispheres and all peptide arms within the hemispheres are symmetrically equivalent and there are no indications of cis/ trans azapeptide isomerism. The signs and shapes of CD effects proved to be sensitive only to the inherent chirality of molecules but not to the cis/trans isomerism, and therefore, they do not allow for determination of stereochemistry of the azapeptide bonds in (10b) 2 . NMR spectra suggest external positioning of phenylalanine side chains (chemical shis are close to typical values and there are no ROESY correlation signals that can come from internalization). This spectral evidence proves that the binding motif in the second generation capsule (10b) 2 is altered compared to the rst generation capsule (10a) 2 . Through-space contacts in (10b) 2 are in agreement with an extended conformation of peptide strands as observed in the trans-A hemisphere, and therefore in the plausible model the capsule consists of two trans-A hemispheres with the optimal arrangement of terminal and binding groups, but, as it is expected for this single amino acid sequence, with all side chains positioned externally.
Third generation -elongation
The third generation capsules (11a-c) contain the -NH 2 terminal amide group and longer peptide sequences consisting of L-Phe at the rst position and L-Ala(11a), D-Ala (11b) or D-Leu (11c) at the second position. The sequences were selected in order to check the inuence of chirality (L versus D) and size (Ala versus Leu) on the self-assembly and the structure of capsules. Homochiral product 11a exists in DMSO as a monomeric cav-
, r ¼ 0.78 nm) and it is poorly soluble in chloroform. Poor solubility in non-polar medium is indirect evidence that 11a does not form a complementary binding motif, and it has numerous solvent-exposed hydrogen bond donors and acceptors. In contrast, heterochiral derivatives 11b and 11c are well-soluble in chloroform and form discrete dimeric species (11b) 2 and (11c) 2 Fig. 5b and c) . For capsules (11b) 2 and (11c) 2 both side chains are pointing to the same surface of the ribbon in agreement with the structural features of a heterochiral sequence, and therefore, they are expected to be positioned externally. Indeed, the chemical shis for the signals of terminal side chains, better solubility of (11c) 2 compared with (11b) 2 and independence of the self-assembly process from the steric effects introduced by the Leu side chain prove that the side chains of Fig. 5 (a) X-ray structure of (11b) 2 with an enlarged binding motif (green -encapsulated CHCl 3 , cyan -encapsulated MeOH, and yellow -encapsulated phenylalanine side chains); (b) 1 H NMR spectrum of (11b) 2 (CDCl 3 , 600 MHz, 298 K); (c) modelled structure of the capsule in solution based on 2D NMR spectra (including DOSY and ROESY) composed of two trans-hemispheres of (11b) 2 ; (d) molecular surface and volumes of inner cavities in (11b) 2 (left -crystal structure, 82Å 3 and 103Å
3 ; right -model, 1129Å
3 ) calculated with the Chimera program.
the third generation of capsules are positioned outside the cavity.
The X-ray structure of (11b) 2 conrms the dimeric nature (Fig. 5a) ; however, the solid state structure is different than the suggested structure in solution. The approximate symmetry of the capsule core in the solid state is C 4 and, as in the case of (10a) 2 , two different hemispheres trans-A and cis-B are present. In the trans-A hemisphere all peptide strands have extended conformations with side chains positioned externally. The terminal amide -NH 2 groups form hydrogen bonds with phenolic OH groups (N/O distances are 2.9-3.3Å) of the second hemisphere (cis-B). The geometry of the trans-A hemisphere and non-covalent contacts are in agreement with the ones postulated in solution. However, the geometry and noncovalent contacts observed for the cis-B hemisphere are substantially different in the solid state than in solution. In the cis-B hemisphere the semicarbazone linker adopts a cis conformation which enforces a folded conformation of the peptide strand. As a consequence the side chain of the rst amino acid (Phe) is positioned inside the cavity, and the side chain of the second side amino acid (Ala) is positioned outside the cavity and the terminal amide -NH 2 groups are not involved in the intra-capsular binding motif but involved mostly in intercapsular interactions. Although observed in the solid state, such a conformation is not present in solution (there are no relevant chemical shis nor ROESY correlation signals). Therefore, we assume that the geometry of the trans-A hemisphere better reects the approximate geometry in solution and the dimer's structure in solution resembles an extended dimer consisting of two trans-A-like hemispheres (Fig. 5c) . The geometry of the cis-B hemisphere could be a result of interactions present only in the solid state: (a) competing inter-capsular interactions that involve the terminal amide groups and (b) preference towards a more compact (and less porous) structure due to spatial connement. However, this solid state structure reects the fact that due to the non-perfect complementarity and exibility the capsule is dynamic.
Fourth generation -internal functionalization
The analysis of the third-generation capsules leads to the conclusion that the homochiral junction between positions 1 and 2 leads to destabilization of the structure. Position 2 is probably still too crowded for placement of a side chain inside the cavity. On the other hand, facile formation of capsules made of heterochiral peptides proves the efficiency of this binding motif. In the next generation capsules we combined these two observations and designed a three amino acid sequence with a heterochiral junction (L-Phe-D-Ala) for effective self-assembly and a homochiral junction (D-Ala-D-Ala) for internal functionalization. Product 12a forms a well-dened dimer (12a) 2 shows that the signal of the side chain of the terminal alanine (CH 3 ) is substantially upeld shied and appears at 0.57 ppm, which indicates that this group is directed towards the interior of the capsule, in close proximity to aromatic walls (Fig. 6 ).
Additionally it shows ROESY correlations with H g , H f and H i . Homologous cavitand 12b, in which the cavity-exposed Ala was replaced by more bulky Phe, also gives capsular species (12b) 2 , with internally exposed phenylalanine side chains. However, the capsules are much less ordered as indicated by broad signals in the NMR spectrum and less stable, as they disintegrate within days upon standing in solution. Thus, rational structure optimization of azapeptide capsules resulted in innercavity functionalization and proved the crucial role of chirality in both efficient self-assembly and functionalization of the inner cavity. Control experiments with azapeptides containing three amino acids with two heterochiral junctions (7c and 7d) conrm the crucial role of chirality. Thus the (L, D, L) sequence in 12c and 12d precludes the formation of capsules. The cavitand 12d is insoluble in non-polar solvents. The homologous product 12c, which possesses two hydrophobic phenylalanines in each arm, is well-soluble in chloroform, but it exists as a self-folded C 2 -symmetric cavitand in this environment (doubled number of NMR signals, D ¼ 3.7 Â 10 À10 m 2 s À1 , radius 1.10 nm, CDCl 3 , 298 K). The shape of the ECD spectrum of 12c and its comparison with the spectra of other cavitands suggest that structural changes lower the symmetry of the resorcinarene core (Fig. 7c and 4a) . We assume that the formation of b-turns and a system of intramolecular hydrogen bonds is responsible for this unique conformation of cavitand 12c. The suggested self-folded structure of 12c, which involves b-turns 29 and a C 2 -symmetric boat-like conformation of the macrocycle, is presented in Fig. 7b .
Fih generation -serendipity
The reversible character of reactions between aldehydes and amine-based groups makes them applicable in dynamic covalent chemistry (DCC). 30 We have previously exploited the DCC approach for the synthesis of various homo-and heterochiral capsules based on imine or acylhydrazone linkers and proved that they amplify and self-sort out of the mixtures of racemic peptides.
13,14 However, the dynamic covalent chemistry of azapeptides is not known. What is more, reversibility of the reaction between semicarbazide groups (being part of the azapeptide functionality) and aldehydes has only been studied for the simplest semicarbazide in a catalytic variant.
31
With a set of various azapeptides in hand we explored the reversibility and possibility of amplication of self-assembled capsules from mixtures of azapeptides. First, we determined the kinetics of the non-catalytic reactions of azapeptides with 8. The time-dependent experiments indicate that the reactions in chloroform at 70 C require several to twenty four hours to reach the stationary state (Fig. S9, S20 and S39 †). This period of time depends on the peptide length and solubility. Next, we studied the reaction between 8 (C ¼ 30 mM) and two azapeptides of different sequences but the same length (C(aza1) ¼ C(aza2) ¼ 60 mM) in CDCl 3 by NMR (Fig. 8a) . It should be noted that in most cases such reaction mixtures cannot be analysed by HPLC or MS due to the instability of self-assembled capsules on a chromatographic support or in the gas phase or due to identical mass (for substrates that are stereoisomers). Therefore, due to the complexity and resolution limits of NMR in each reaction we used simultaneously only two azapeptides. The reaction of 8 with rac-7a reaches equilibrium within 2 days (Fig. S40 †) and the spectrum of the racemic mixture is virtually identical to that of the mixture with the enantiomerically pure substrate 7a (Fig. 8b) indicating very efficient chiral self-sorting. In the case of rac-6b the capsular product (11b) 2 visibly predominates, but self-sorting isn't quantitative. This result was further conrmed by a self-sorting experiment with a pseudoracemic mixture of (L, D)-6b and (D, L)-6c which could be analysed by MS (Fig. S27 †) . Peaks from enantiomerically pure C 4 -symmetrical cavitands are the highest, while peaks from mixed products are also present which indicates non-quantitative chiral self-sorting. These results prove that: (1) azapeptides react with aldehydes in a reversible way and therefore they can be used as substrates in dynamic covalent chemistry and (2) self-assembly is a powerful factor that stabilises capsular structures and therefore leads to their amplication.
With positive results for the dynamic character of azapeptide-aldehyde reactions and encouraging amplication of selfassembled structures we sought aer new, hybrid products that can be obtained only from the multisubstrate mixtures. The reaction of 8 with a mixture of (L, L)-6a and (D, L)-6b leads to complete consumption of the substrates within 2 days and the initial formation of homodimeric capsules (capsule (11b) 2 remains in solution, while product (11a) 2 is poorly soluble, Fig. 9a ). However, with time an additional set of signals start to emerge that was not present for neither of the reactions containing single azapeptides as substrates (Fig. 9a and S33 †) . Aer 6 days the initially formed homodimeric products were quantitatively transformed into new species. Analysis of NMR spectra indicates that the nal product is a capsular heterodimer (L, L11a)(D, L-11b) in a head-to-head arrangement (correlation signals between terminal NH 2 and H f protons) and of roughly similar size to the previously obtained capsules (D ¼ 3.25 Â 10 À10 m 2 s À1 , radius 1.25 nm). Terminal alanine residues from one hemisphere are located inside the cavity (0.62 ppm for CH 3 protons) and have correlation signals in the ROESY spectrum with protons from the semicarbazone linker region (H g , H f , H h and H i ) from the other hemisphere. The CD effects for the lowest energy bands in the CD spectrum of (11a)(11b) have almost diminished, and the spectrum is almost an algebraic sum of the two components which indicates that the capsule consists of two hemispheres that are twisted in the opposite directions (Fig. 9c) . The plausible structure of the capsule (11a)(11b) that meets all these experimental constraints is presented in Fig. 9b . With a set of peptide capsules of various geometries and chiralities we aimed at the determination of their thermal stability. Temperature-dependent CD measurements for homodimeric capsules (L-10b) 2 , (L, L-11a) 2 , and (L, D-11b) 2 , and heterodimeric capsule (L, L-11a)(D, L-11b) in tetrachloroethane (TCE was used instead of chloroform because it has higher boiling point, and ECD spectra in TCE are analogous to the ones in chloroform, S23 †) show that all spectra of homodimeric capsules remain invariable (Fig. 10a, S10 , S15, S23 and S42 †). Because for nonassembled cavitands the intensities of the ECD bands are two orders of magnitude lower, it can be concluded that homodimeric capsules are thermally stable over the entire temperature range tested (20-100 C). For the heterodimeric capsule (L, L-11a)(D, L11b) the intensities of the ECD band are initially two orders of magnitude lower (due to hemispheres of different chiralities) and they decrease with temperature indicating possible instability of the assemblies at higher temperatures ( Fig. 10b and S34 †).
Conclusions and outlook
In summary, we have elaborated a strategy for the synthesis of capsules with functionalized internal cavities based on azapeptides. The strategy involves rational design of a macrocyclic compound and a semicarbazone linker, optimization of the binding motif (modication of the C-terminus) and modulation of chirality of peptides towards proper positioning of the side chains (homo-and heterochiral sequences of peptides). As a result we obtained capsules that self-assemble using hydrogen bonding interactions between their backbones and have side chains positioned in their cavities. Additionally, we have proven the reversible character of reactions between azapeptides and aldehydes. This nding opens a way towards the application of azapeptides in dynamic covalent chemistry and towards the synthesis of new capsules in a combinatorial way. Indeed, from a set of combinatorial experiments an unexpected hybrid capsule was obtained, which wasn't designed in a rational way nor it could be obtained from the reaction employing only a single azapeptide as a substrate. Further self-sorting experiments of azapeptide mixtures indicate that amplication of well-dened products is effective only in cases when capsules are formed. These results prove that self-assembly is an effective stabilization factor that affects thermodynamic equilibria and leads to self-sorting even for highly similar and conformationally labile substrates. This observation is in contrast to the common opinion that rigidity and orthogonality of interactions are indispensable features for selective self-sorting.
The design presented in this paper is closely inspired by natural eight-stranded b-barrels. However, such b-barrels, due to their small internal diameter, have limited abilities to host molecules. This limitation can also be a drawback of the azapeptide capsules. However, the current strategy allows for elongation and alternation of the positions of side chains, and the dynamic nature of the cores enables expansion. The capsules are not fully sealed due to imperfect complementarity of binding motifs, so they can have portals for guest entrance/ release. Thus, in contrast to the crowded interiors of natural b-barrels, interiors of these articial capsules are more accessible. Another limitation of eight-stranded b-barrels is that bulky polar side chains are avoided inside the barrels. In fact, also in these seminal examples only the smallest side chain (methyl group from Ala) was accommodated in the proximity of a hydrophobic pocket. However, the strategy suggested in this paper allows for elongation of the peptides and changes in the position of side chains, and therefore, different locations of internal side chains are also possible. What is more, the formation of hybrid capsules opens up possibilities of diversication of hemispheres and, for example, encapsulation of acid-base pairs at alternating positions mimicking natural catalytic sites (functional dyads, triads, etc.).
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